We present an analysis of the three-flavor holographic model of QCD associated to a D4/D8 brane configuration, with symmetry breaking induced by a worldsheet instanton associated to a closed loop connecting D4−D8−D6−D8. We calculate the electromagnetic and axial couplings of all octet and decuplet baryons, as well as several negative parity excitations, with and without symmetry breaking effects, and demonstrate qualitative and quantitative agreement with many available experimental measurements, with marked improvement over the analogous two-flavor models.
where
with ξ = (x N − X N ) 2 and
τ i , i = 1, 2, 3 are the Pauli matrices, normalized as Tr(τ i τ j ) = 2δ ij . Following the moduli space approximation, the dynamics of the system, assumed to be slowly rotating in flavor space, is given by quantum mechanics on the instanton moduli space, with coordinates given by the instanton position X N = (X, Z), size ρ, and SU (3) orientation V , all assumed to be time-dependent, yet sufficiently slowly varying such that the dependence of the gauge field on the parameters is still given as in the static expression. The resulting Lagrangian has ρ-dependent moments of inertia. The principal difference of the N f = 3 case from N f = 2 is the introduction of an additional moment of inertia for the strange directions, with ratio 1/2 to the moments corresponding to the original SU (2) directions, as required to satisfy the Gauss law constraint. Specifically, the Hamiltonian H is given, up to corrections of order 1/λ ≡ 1/g 2 N c , by
The inertial parameters read
, ω ρ = 1 6 ,
and the component of the angular momentum is defined as
The effect of the Chern-Simons term is to impose the first-class constraint
As noted in [8] , this is accomplished by defining the Chern-Simons action as
D8/D8
C 7 ∧Tr(F )+ 1 10 N5 Tr((h −1 dh)
where the expression for α is given in [8] . The effect of the first class constraint that this generates, as noted, is important in the construction of the resulting spectrum of eigenstates, as we shall now review. The procedure of diagonalization is facilitated by examining the operator algebra satisfied by J a , as well as I a ≡ −4π 2 , the generators I a and J a arise from identical SU (3) representations. Explicit examination of the Noether currents reveals that J a is in fact minus the spin, the quantity conserved by rotational invariance, and I a is the flavor. Thus in summary, the system is quantized by spin and isospin generators in the same SU (3) representation, a characteristic feature of Skyrme models.
The significance of the constraint induced by the Chern Simons term can now be appreciated. This is widely-known and well-reviewed, but we recapitulate for completeness. Following the standard (p, q) parametrization of SU (3) irreps (linear combinations of monomials with p indices of one type and q of another, such that the contraction of both is zero, graphically corresponding to polygonal weight diagrams of which p and q are the side lengths), the value of Y R ≡ J 8 at the top of a multiplet is equal to (p + 2q)/3, and the maximum corresponding SU (2) eigenvalue occurring for states with a given value of Y R is equal to
where t ≤ p + q is an integer parametrizing the difference between the Y R value of the given state and that of the top level. Substituting the constraint yields accordingly for B = 1 that m max is half-integer valued when N C is odd, and integer-valued when N C is even, reproducing the properties of the SU (6) quark model.
The diagonalization of the Hamiltonian is now transparent. The baryon wave functions are simply appropriately normalized SU (3) Wigner D-functions, with one index equal to the flavor and the other equal to minus the spin,
The eigenenergies are dependent on all representation indices and are given by
where C 2 (R) is the quadratic Casimir. Before proceeding, we pause however to note an immediate observation, and concurrence with nature, which is that, notwithstanding subtleties to be noted regarding the extraction of numerical values of the mass from this analysis, the soliton mass formula above already produces an important result, which is that the lowest mass baryon multiplets are indeed the octet 8 = (1, 1) with spin 1/2, and the decuplet 10 = (3, 0) with spin 3/2. Among the other irreps of particular importance for present purposes, are those other ones occurring in 8 ⊗ 8 and 8 ⊗ 10, for reasons to be noted. These are 10 * = (0, 3), 27 = (2, 2), and 35 = (4, 1).
III. SYMMETRY BREAKING
The original model of Sakai and Sugimoto [6] is one of zero mass pions, and thus zero (bare) mass quarks. Hashimoto [9] subsequently addressed this problem by introducing additional D6 branes, parallel to the original color branes, but with non-zero separation, yielding massive W -bosons (with mass proportional to the separation distance, as is standard in the hypermultiplet), which give mass to the quarks of the original QCD via a vertex joining those quarks to a condensate of the new quarks arising from the open strings stretching between the D6 and D8/D8. The corresponding interaction is mediated by a disk-shaped worldsheet connecting the D4 − D8 − D6 − D8, fixed at a single value of the time coordinate, (hence an instanton), with chiral symmetry breaking mediated by the development of a smooth throat connecting the D8 and D8.
The effect of this deformation is to introduce an additional amplitude given by
where z m parametrizes the location of the D6 on the D8/D8. For the BPST solution, the evaluation of this expression is aided by the observation that the A z component,
, is proportional to a fixed element of su(3) for all values of z, hence the coupled set of differential equations that would otherwise have to be solved in order to evaluate the path ordered exponential (∂ t U U −1 = AU )), truncates to a single integral. Therefore we have
with
Upon substituting the SU (3) Gell-Mann Oakes Renner relations and writing the mass matrix as
we then obtain that
The introduction of quark masses on the dynamics of the soliton reduces to a simple problem of the evaluation of a quantum mechanical perturbation on the moduli space of collective coordinates. By the elementary RayleighSchrödinger procedure, the perturbed energies are obtained by appropriately weighted summations of the matrix elements of the perturbation, sandwiched between the unperturbed states, wave functions are obtained analogously, and operators are obtained by sandwiching the unperturbed expressions between the resulting wave functions.
It is at this point that we utilize the observation noted earlier, about the tensor products of the irreps. Since
* ⊕ 27, the evaluation of the effects of the perturbation on the octet involves the calculation of matrix elements of the perturbation just defined, sandwiched between 8 and intermediate states in 10 * and 27. (The unperturbed part is the matrix element between 8 and 8). Likewise, since 8 ⊗ 10 = 8 ⊕ 10 ⊕ 27 ⊕ 35, the evaluation of the effects of the perturbation on the decuplet is reduced to the evaluation of matrix elements of the perturbation, sandwiched between 10 and intermediate states among the set 27, 35.
IV. CURRENTS, FORM FACTORS
A large number of static properties of the baryonic states can be obtained from a study of the electromagnetic and axial form factors. As observed [10] , perturbative QCD fails to properly reproduce experimental measurements thereof. A study of the properties resulting from the 2-flavor holographic framework is presented in [1] , and in the following, we extend this analysis to the more realistic 3-flavor framework, with appropriate modifications. Underpinning their analysis and ours, is the holographic prescription for computing currents, via the definition of external gauge fields (left and right), obtained by the respective classical solutions evaluated at the boundary values z → ±∞. Accordingly, [1] ,
and
where k(z) = 1 + z 2 is a warp factor describing the curvature of the gravitational background, and ψ 0 (z) = 2 π arctan z is the zero mode in the KK-reduction of the gauge field, corresponding to the pion. To obtain the gauge field at the boundary, we must gauge transform, since the BPST solution is singular there as originally written. Then we rewrite the resulting expressions for the boundary-valued field strengths in terms of Green's functions to the curved space wave equation, and expand these in a basis of the meson wave functions, as in [1] .
The analysis proceeds as for SU (2), with the additional fact that the modification of the Gauss law constraint results in additional terms in the zero component of the gauge field for the SU (3) generators T a , a = 4, · · · , 7. [7] The resulting terms in the expressions for the field strengths simply acquire an additional factor of 1/2 compared to the a = 1, 2, 3 terms , as is the case for the respective moments of inertia appearing in the collective coordinate Hamiltonian. For completeness, we note that
The spatial currents are identical in form to SU (2) [6] ,
The expressions involving H refer to the analogous Green's functions expanded in the basis φ 0 (z) = 1/(κπk(z)), φ n (z) = ∂ z ψ n / √ λ n . The form factors are obtained by evaluating appropriate combinations of the Fourier-transformed currents in the basis of baryon wave functions. In particular, the elastic (Sachs) electric form factor G E is obtained in Breit frame (wherein the photon has zero energy) via the evaluation of the matrix elements of J
This combination manifestly satisfies the Gell-Mann-Nishijima formula, Q = I 3 + Y /2. The axial form factors, meanwhile, are obtained from J A . These carry a flavor index, and the appropriate choice is dictated by the decay under consideration, as will be clear. In terms of the Dirac and Pauli form factors F D and F P , we have
When taking the requisite Fourier transforms, we note as in [6] that
Accordingly, we find that for the positive-parity states,
assuming unbroken SU (3) symmetry. We note that for k = 0, the expectation value of each respective expression, with respect to the baryon states, simply reduces to the quantity in parentheses, which is the electric charge in the first case, and the magnetic moment in the second. This follows from the fact that
and the completeness relation for the meson wave functions ψ n (z). The analogous procedure for the axial currents results in a factor of
. The ymmetry-breaking effects are obtained, as described earlier and to be done shortly, by a quantum mechanical perturbation theory calculation, with the perturbation given before.
The indices of the Wigner D-functions refer to the Cartesian basis. The mapping from this basis to Weyl-Cartan is such that T 3 = (Y, I, I 3 ) = (0, 1, 0), T 8 = (0, 0, 0). The combinations T 4 + iT 5 and T 6 + iT 7 respectively correspond to the isospin indices of p, n. Similarly, T 4 − iT 5 , T 6 − iT 7 correspond to the isospin indices of Ξ − , Ξ 0 , and
The identification of the spin states involves the minus sign noted earlier. This identification of states is particularly important when considering the axial currents. These involve transitions between baryons, and the appropriate corresponding indices are dictated, as noted earlier, by the particular transition. For example, the transition n → p involves the current carrying an index T 1 + iT 2 , corresponding to exchange of the meson π − . By contrast, the transition Λ → p carries an index T 4 + iT 5 , corresponding to exchange of K − . The form factor for the first transition in the case of unbroken flavor symmetry, is given by
and the corresponding result for the second transition is given by the same expression, but with the matrix element replaced with that of D 4+i5,3 between the requisite states. There are also flavor-neutral (i.e. diagonal) axial current elements, that do not change one baryon state to another. For each baryon, there is one such element corresponding to 3 (associated to the current u T3 2 γ µ γ 5 u) and one corresponding to 8 (associated to the current u T8 2 γ µ γ 5 u). These accordingly involve the matrix elements of D (8) 3,3 and D (8) 8, 3 . In addition, there are axial transitions that send one multiplet to another. Of particular note is the n → ∆ + transition, which can be used to infer the value of the πN ∆ coupling. These axial elements are calculated analogously to those just noted, with the only difference being that for the decuplet-to-octet transitions for example, the spin index in the D-function must be taken to be 1 + i2 rather than 3. The calculation of all such D-matrix elements is facilitated by the basic observation that they are equal to a product of SU (3) Clebsch-Gordan coefficients,
V. RESULTS
A. Magnetic Moments: Unbroken
We now collect the results for the unbroken magnetic moments. We observe U -spin symmetry, as expected. Namely the unbroken moments are equal for states of equal electric charge. We have as follows:
The numerical values are obtained in units of the Bohr nuclear magneton by multiplying with the factor 2M N /M KK , where M KK is taken to be 949 MeV. The results are summarized in Tables I and II. A note is in order regarding the comparison of the decuplet quantities to the empirical data. Due to the fact that all decuplet particles other than Ω − undergo strong interaction decays, and correspondingly have lifetimes on the order of 10 −23 s, the measurement of their properties is an experimental challenge, and existing data sets, where available, have large errors, with the corresponding exception of Ω − . We note a good concordance of our prediction with this measured value in the last entry of Table II . For this quantity and all others in the column, we also find agreement with the results of lattice simulations [11] .
B. Axial Current Elements: Unbroken
The matrix elements of the axial current display particularly improved agreement with empirical measurements, and particularly notable improvement over SU (2) . Here we present the expressions obtained for unbroken SU (3), and later the results with symmetry breaking effects. The unbroken results display the expected F and D parametrization [12] in the case of the octet, and the C, H dependence in the case of the decuplet and the decuplet-to-octet transitions. The π − transitions for the octet are given by
and the K − are given by
These results are presented again in Table III , along with the empirical data, with which there is an impressive consistency. Analogously, for the decuplet, we obtain (g
for the strangeness-preserving transitions, and
for the strangeness-changing transitions. We also calculate transition elements for decuplet-to-octet processes, which as noted earlier can be obtained using similar arguments. Our results are as follows
Of particular note is the last quantity, which is in fact in good agreement with the value obtained from experimental measurement of the πN ∆ coupling constant, 0.88 [13] .
A comparison of our results for decuplet axial charges to empirical measurements, is challenged by the lack of data, just as for the magnetic moments. Accordingly, to substantiate our predictions, we perform a comparison with predictions obtained using other methods. We find notable agreement, in particular, with the results of a recent perturbative chiral quark model analysis (PCQM), [14] , which also reproduces the measured octet axial charges, with better accuracy than either lattice methods, chiral perturbation theory, or relativistic chiral quark models. Our results for the octet charges are likewise in accord.
C. Magnetic Moments with Symmetry Breaking
The effects of symmetry breaking exhibit some properties of V -spin symmetry-that is, symmetry along the right diagonals in the weight diagrams, as opposed to the left diagonals defining the U spins. As noted earlier, the computation of the relevant quantities for the octet involves the mixing of 8 with 10 * , 27, and the computation of the quantities for the decuplet involves the mixing of 10 with 27, 35. Accordingly, we parametrize the results as follows. For the octet, 
and similarly for the decuplet, 
In displaying the results, we list quantities for V -spin multiplets in successive order when possible, to exhibit the approximate symmetry noted. The results for the decuplet are 
while for the octet they are
D. Axial Transition Constants with Symmetry Breaking
We use a similar notation for the perturbative contributions to the axial couplings as for the perturbative contributions to the magnetic moments above, only with B i R , replaced with A i R (R labels the representation, i the coefficient of M i as above). Our results for the octet to octet transitions are as follows
For the decuplet to decuplet transitions, the results are
Finally, for the decuplet-to-octet transitions, we obtain
VI. CHARGE RADII
The electric and magnetic charge radius of each baryon is defined, as usual, in terms of the first coefficient of the electric/magnetic form factor, expanded in powers of k 2 ,
Since the meson wave functions do not depend on flavor (as argued in [34] , the effect of the worldsheet instanton perturbation on the vector meson mass is sub-dominant in the t'Hooft coupling), the expansion in question is the same as for SU (2), and since the perturbation does not depend on the Z coordinate, it does not modify the result. However, the analysis presented in [6] for these quantities, does not include the decuplet baryons. It is noted therein that the results for the proton are in reasonable accord with empirical data, with some deviation, although the neutron is predicted to have vanishing radius on account of its vanishing charge, at variance with the small negative value that is measured. For the reasons just noted, this result does not change under the present considerations. We extend the analysis to the decuplet, however, and find an appealing agreement with the predictions of many different models, and in particular with field theoretical quark model (FTQM) calculations [15] and with a 1/N c analysis [16] . Following the framework just described, charge radii are expected to be the same for baryons with equal charge, and to differ for baryons of different charge, in proportion to the charge ratio. Accordingly, as we find that r 2 E,p ≈ (.784fm) 2 , we find that r 2 E,∆ ++ ≈ (1.109 fm) 2 , compared to the FTQM prediction of (1.086 fm) 2 . The other predicted radii of the decuplet baryons are likewise in good accord with the predictions of the latter, which accordingly reproduce the expectation of electric charge proportionality, with small deviations therefrom in some cases. The results are summarized in Table VI .
VII. MASS ANALYSIS
The model that we use shares with general SU (3) Skyrme models the effect of generating the mass relations of Gell-Mann-Okubo [17] for the octet and decuplet baryons, as well as the relations of Coleman-Glashow [18] , and Guadagnini [19] . We start with an analysis up to first order in the perturbation, and treat the next-to -leading order correction thereafter. From the evaluation of the matrix elements B, 8|D (8) 38 |B, 8 and B, 8|D (8) 88 |B, 8 , we find concurring with [20] , that
where M 8 denotes the soliton mass in the 8 representation, i.e. the corresponding energy eigenvalue of the collective coordinate Hamiltonian,
(it units of M KK ), and c = 1.104/3. Accordingly, eliminating M 8 , we find that 
hence
where following the notation earlier, M 10 denotes the mass of the soliton in the 10 representation. The relation of Coleman-Glashow for the baryon octet,
, is satisfied exactly as well to first order. Namely,
Lastly, the relation of Guadagnini,
, is satisfied with a small deviation. Namely, by the same analysis as above, the difference of the LHS from the RHS of the last equation is found to be
+ c 9 40
which numerically evaluates to −30.7 MeV. We now consider the effects of the next-to-leading order in the perturbation, For compactness, we write the results only in terms of m K0,K0 , m K± , m π± . We obtain as follows for the octet, suppressing a factor of 10
Numerically, these expressions evaluate to Likewise, for the decuplet, the second-order mass corrections are given by
numbers (n ρ , n z ) = (1, 0), is identified with the Roper excitation, N (1440). As in [6] , we find that the corresponding axial charge is larger than that of the neutron, however we find a smaller relative ratio (1.29 vs. 1.45), in better agreement with the predictions of [24] . Likewise as in [6] , we find that first negative parity nucleon, with quantum numbers (n ρ , n z ) = (0, 1), has smaller charge, and the ratio is improved in comparison to [24] , yet the charge is larger. The next negative parity state, (1, 1), which we identify with N * (1655), has an axial charge that is larger, yet significantly smaller than that of the neutron, again in agreement with [24] . Provided we identify the subsequent positive parity state (0, 2) as N (1710), we again obtain a consistent result: the charge is smaller still than the preceding, but not by much.
There is, however, a potential problem with the magnetic moments. One feature of the Sakai-Sugimoto formalism, observed in [6] , although not remarked as a potential issue, is a degeneracy of the values thereof for negative parity baryons, with the ground state values. This is an intrinsic feature, for the following reason. As noted above, the only difference between the (lowest) negative parity excitations and the ground state wave functions is in the dependence on the z-variable. The lowest positive parity excitation also contains a change in the wave function ρ coordinate, as do the higher excitations, however this is not true for the lowest negative parity state. The dependence on z factors out of the expression for the magnetic moment, due to the form of the expression for the vector meson decay constants, g n v = λ 2n−1 κ dzh(z)ψ 2n−1 (z). To wit, recall that
At k 2 = 0, the sum, as noted before, becomes
There is conflicting evidence as to whether, and to what extent, the resulting degeneracy is a flaw. Lattice results for the negative parity octets [25] , suggest a different behavior. However, both chiral perturbation theory [26] , and field theoretical quark models [27] , suggest that the deviation from degeneracy is not so severe. The results from these various models are reproduced in Table VIII , adapted from a talk by F. Lee and A. Alexandru at Lattice 2010 [25] .
IX. CONCLUSIONS
We have analyzed the holographic model for the three-flavor baryons using the newly proposed Chern-Simons term [8] in the presence of symmetry breaking effects in bulk. The new Chern-Simons term obeys all the strictures required by the chiral anomaly, and generates the key hypercharge constraint in the collective quantization of the baryon spectra. For the three-flavor under consideration, the vector and axial-vector currents are also found to obey strict vector dominance as originally noted for the two-flavor case. The results for the many of the bulk parameters of the octet and decuplet baryons are reproduced with marked quantitative improvement with respect to the two-flavor case. We have also analyzed some bulk properties of the excited octet baryons with comparison to some existing models and lattice simulations, which maybe accessible in future experiments. 
